Global anthropogenic CH 4 emissions have witnessed a rapid increase in the last decade.
that approximately 1/4 of global nitrogen emissions was embodied in the products of international trade. Previous studies have indicated that international trade has significantly affected the reallocation of industrial distribution and related environmental impacts, and the net embodied transfers of resources and emissions via international trade were identified from developing to developed countries. However, consumption-based global CH 4 accounting and trade-related emission transfers attract little attention (Kanemoto et al., 2016) , due to inadequate CH 4 inventories at the global scale. Some researchers calculated the CH 4 emissions embodied in the international trade of agricultural products (e.g., meats) (Caro et al., 2014) , but failed to integrate a comprehensive trade relationships into the global MRIO modeling. It necessitates further exploration of the embodied CH 4 emissions associated with goods exchange among nations, including the mechanism whereby the final demand acts on the production and trade distribution across the world.
To fill this gap, this paper makes the first attempt to perform a consumption-based accounting of global anthropogenic CH 4 emissions, based on the latest emission inventories from the Emissions Database for Global Atmospheric Research (EDGAR) and the available global MRIO tables from the EORA database. By linking CH 4 emissions to the economic consumption and trade are revealed for emission mitigation. The results probe into the impact of final demand and international trade on the structure of global CH 4 emissions.
The remainder of this paper is organized as follows. In Section 2, the global MRIO table, algorithms for MRIO analysis and data sources are introduced. In Section 3, the results of embodied CH 4 emissions in final demand and international trade in 2012 are presented. We also analyze the evolution of consumption-based emission inventories over 2000-2012 in this section. Implications of consumption-based emission accounting are further discussed in Section 4. Concluding remarks will be made in the ending section.
Methodology and data

Global MRIO table
The global MRIO tables describe the economic relationships between producers and consumers within the globalized world economy (Lenzen et al., 2012a) . Multiple organizations have prepared the global MRIO tables covering multiple regions of the world.
These include the Global Trade Analysis Project (GTAP) database by Purdue University, the input-output database by the Organization for Economic Co-operation and Development (OECD), the EXIOPOL database by the European Union, the WIOD database by University of Groningen, and the EORA database by University of Sydney (Malik et al., 2016) . Among these databases, the EORA MRIO table covers the most regions and the longest time spans (Lenzen et al., 2012a (Lenzen et al., , 2013b . A large number of studies have been conducted on embodied resources and emissions in international trade based on the global MRIO table from the EORA database (e.g., Malik et al., 2016; Oita et al., 2016; Li et al., 2017; Xia et al., 2017; Chen et al., 2018a,b; . In this study, the EORA database is also adopted to build the global MRIO tables for 2000-2012, which cover 189 countries/regions. [Place Figure 1 here] 
MRIO analysis and emission embodiment
The global MRIO model, incorporating direct emission inventories, reveals the emissions induced by final demand and international trade. Assuming regional-and industry-specific data for emissions per unit of output are available, the total amount of emissions for production, consumption and trade can be calculated. The global total production-side emission is equal to the total consumption-side emission. According to the emission balance of global MRIO model, the basic linear equation can be expressed as, is a net importer of embodied CH 4 emissions, while that with negative MEEB is a net exporter. Table S1 ) with 26 sectors (see Table S2 ) included for each economy. The population and gross domestic product (GDP) data of the economies are available from the statistical database of the World Bank (World Bank, 2017).
Emission data collection and preparation
Most global inventories of anthropogenic CH
To perform the MRIO modeling, we should extract the direct emission data that are related to economic activities and reallocate these data to each industrial sector of different economies. Direct CH 4 emission sources refer to enteric fermentation, manure management, rice cultivation, fugitive emissions from solid fuels, fugitive emissions from oil & gas, solid waste disposal on land, wastewater handling, fossil fuel combustion and others, which are further divided into detailed emission categories in the EDGAR database. For instance, 82 emission categories are covered for the sources of anthropogenic CH 4 emissions in China.
Since global inventories do not specify for distinguishing the emission categories considered here, mixed methods are used to prepare the sectoral emission inventories and obtain concrete emission data for different economic sectors. Most production-side emissions can be allocated into a concrete industrial sector. For instance, the emissions from agricultural activities, and fugitive emissions from solid fuels and oil & gas can be directly categorized into corresponding economic sectors of Agriculture and Mining and quarrying, respectively.
If the emission category is related to multiple departments, we reallocate the emission data to industrial sectors. In addition, several minor emission sources are neglected, mainly referring to the fuel combustion of commercial and public services and non-specified industrial sectors.
Results
Production-versus consumption-based CH 4 emissions in 2012
The world economy generated 348.5 Tg CH 4 emissions into the atmosphere in 2012. With respect to regional distribution, Mainland China had the largest PBM value of 63.8 Tg, which was two times as large as that of India (32.3 Tg, ranked 2nd), followed by the USA (25.5 Tg), Brazil (19.2 Tg) and Russia (17.4 Tg).
From the consumption-based perspective, Mainland China was also the largest emitter of CBM (65.0 Tg), accounting for 18.6% of the global total. The USA had the second largest CBM (38.4 Tg), which was 50.6% larger than its PBM. India (30.9 Tg), Brazil (19.2 Tg) and Japan (12.1 Tg) were important embodied emission contributors. These top five economies together contributed 47.5% of global total CBM. In addition, Germany possessed relatively high value of CBM (7.2 Tg), approximately 2.6 times that of its PBM. The economies with large consumption-based emissions were mostly those with large population and consumption volumes. By contrast, the CBM (8.9 Tg) in Russia was only half of its PBM.
Therefore, both production-and consumption-based accounting methods of CH 4 emissions should be considered in identifying mitigation opportunities.
[Place Figure 2 here]
The world economy can be further divided into 19 integrative economies (see the regional information in Table S3 ). China was the largest direct CH 4 emitter, followed by Sub-Saharan Africa, India, Southeastern Asia and the USA. Agriculture, energy and waste related emission sources were the three main contributors to the global production-side CH 4 emissions (see Figure 3a) . As to final demand category (see Figure 3b ), household consumption accounted for 65.6%
(228.5 Tg) of the global total CBM, followed by fixed capital formation (53.6 Tg), government consumption (44.1 Tg), non-profit consumption (13.0 Tg), inventory increase (6.7 Tg) and acquisitions of valuables (2.7 Tg). China's household consumption took up the largest share of 51.8% in its CBM, while fixed capital formation also contributed a comparable share. Western Europe ranked second in terms of the CBM, which was 1.2 times larger than that of the PBM. Like Western Europe, the USA, Rest Europe and Japan had higher CBMs than their PBMs.
[Place Figure 3 here] Figure 4 shows the compositions of the PBM and the CBM by industrial sector (also see Table S4 ). The sector of Agriculture (S1, 160.1 Tg) was the largest emitter of PBM, followed followed by the trading flow from Sub-Saharan Africa to Western Europe (4.7 Tg).
As to the final trade, China turned to the leading exporter by exporting products to the USA (1.4 Tg), Western Europe (1.0 Tg), Japan (0.7 Tg) and other economies. Western Europe was the largest importer of embodied emissions (5.8 Tg), followed by the USA (5.5 Tg).
Russia had relatively low embodied CH 4 emissions in the final trade. The largest bilateral trading flows through final trade were from China to the USA and from China to Western
Europe. As shown in Fig. 6(b) , China, Southeastern Asia, India, Sub-Saharan Africa and
Other Southern Asia were the important source regions, while Western Europe, the USA and Japan were the major destinations for trading embodied emissions flows in the final trade.
[Place Figure 6 here] Tables S8 and S9 , respectively.
[Place Table 2 here]
Discussion
In the context of accelerated globalization, the production-side environmental emission within one country's territory is not anymore a suitable indicator for measuring its real emission requirements. Several studies have claimed that embodied energy, carbon and water footprints can give a more accurate picture of resources and emissions associated with the © 2018 American Geophysical Union. All rights reserved.
degree of development of a country (e.g., Steinberger et al., 2012; Lamb et al., 2014; Arto et al., 2016; Prell, 2016; Hubacek et al., 2017) . Unlike CO 2 emissions, the studies estimating consumption-based CH 4 inventories or CH 4 footprints of nations are scarce and, to date, no one has focused on the development issues. CBM or CBM per capita can also be used as an important indicator for more in-depth studies of the global environmental patterns and human development. Figure 8 shows the relationships between per capita gross domestic product (GDP) and per capita CBM as well as human development index (HDI) and per capita CBM among major economies (see Table S10 for details). The world-average per capita CBM was calculated as 49.2 kg/cap in 2012. The economies with higher per capita CBM were mainly in the developed regions with larger GDP values, such as Singapore, Hong Kong, the USA and Canada. Most of the economies with high HDIs were grouped at larger per capita CBMs.
Importantly, most of the developing countries with lower HDIs had low per capita CBMs or embodied CH 4 emission requirements, such as India, Pakistan, Indonesia and Nigeria. The per capita CBM or household consumption-driven CBM of Mainland China, the largest CH 4 emitter, was still much lower than those of the developed world. Thereafter, the per capita CBM reflects the environmental inequality among different economies to a certain extent.
[Place Figure 8 here]
In view of the importance of international trade for understanding global CBM inventories, the transfers of embodied CH 4 emissions in an economy were found to be determined by its industrial position in the global supply chain. remarkable. In addition, the waste-related CH 4 emissions were largely driven by local consumption, living standards of people and waste management levels. At present, reduction of CH 4 emissions on the consumption side has been far less attended to by policy makers and researchers than that of CO 2 emissions (Zhang et al., 2016 (Zhang et al., , 2018 . Consumption-based accounting conducted in this study provides new insights on where to focus policy responses © 2018 American Geophysical Union. All rights reserved.
to reduce global anthropogenic CH 4 emissions and pinpoints the regional and sectoral hotspots for possible emission mitigation associated with production, consumption and international trade.
Concluding remarks
Reducing CH 
